Introduction
============

Hepatocellular carcinoma (HCC) is one of the most common malignancies reported worldwide, and accounts for 4.6% of all neoplasias. HCC is clinically resistant to conventional chemotherapy treatments, and is documented to have a 94% mortality rate.^[@bib1],\ [@bib2]^ There is thus an urgent need to develop more effective therapeutic agents to minimize both the incidence and severity of HCC.

Many anticancer agents dampen malignant growth by arresting the cell cycle at the G1, S or G2/M phases.^[@bib3]^ E3 ubiquitin ligases are a class of enzymes which regulate cell cycle progression, and changes in their activity can contribute to malignant cell proliferation.^[@bib4]^ S phase kinase-associated protein 2 (Skp2), is the F-box component of an E3 ubiquitin ligase, and may interact with several proteins, including p21^Cip1^,^[@bib5],\ [@bib6],\ [@bib7]^ p27^Kip1^,^[@bib8],\ [@bib9],\ [@bib10]^ p57^Kip2^ and p130.^[@bib11],\ [@bib12]^ Skp2 function likely leads to degradation of tumor suppressor proteins, such as Cdk inhibitors p21 and p27, inducing formation of the Cdk complex and thereby accelerating cell cycle progression. Skp2 is detected at increased levels in several human cancers.^[@bib13]^

There is compelling evidence that cellular adaptation to reactive oxygen species (ROS) stress has a part in maintaining a cellular cancer phenotype and chemotherapy resistance.^[@bib14]^ Even a modest increase in ROS levels can stimulate cell growth and proliferation.^[@bib15],\ [@bib16]^ However, excessive ROS production surmounts cellular antioxidant defenses, triggering apoptosis.^[@bib17]^ Interestingly, cancer cells are more sensitive to rapid increases in ROS levels than are normal cells. Oncogenic transformation elevates basal ROS levels significantly so that any further acute increases can trigger reactivation of the apoptotic program in cancer cells.^[@bib18]^ Production of abnormal amounts of ROS interferes with cellular signaling pathways by free radical targeting of cellular macromolecules including proteins and DNA, as well as by triggering cell cycle arrest and apoptosis.^[@bib19],\ [@bib20]^

Diterpenoid compounds are established to have a crucial role in cancer chemotherapy. *Isodon ternifolius* (D. Don) Kudô, a prominent species of the Isodon genus, is known for producing bioactive ent-kaurane diterpenoids,^[@bib21],\ [@bib22],\ [@bib23]^ and has long been used as folk medicine for the treatment of icterohepatitis, enteritis and other inflammatory conditions.^[@bib24]^ *I. ternifolius* is also the major ingredient of a Chinese patent medicine 'FufangSanyexiangchacaiPian\', which is used to treat acute and chronic hepatitis and hepatitis B. Longikaurin A (LK-A), shown in [Figure 1a](#fig1){ref-type="fig"}, is a major *ent-kaurane* diterpenoid produced by *I. ternifolius*.^[@bib25]^ To the best of our knowledge, the effectiveness of LK-A treatment on HCC has not been reported.

In the present study, we observed that LK-A inhibited both *in vivo* and *in vitro* proliferation of HCC. We further explored the mechanism by which LK-A may inhibit malignant proliferation, such as by downregulating Skp2 and inducing cell cycle arrest, and by causing apoptosis activated by ROS/c-Jun N-terminal kinase (JNK)/c-Jun signaling pathway induction. Collectively, our data suggests that the diterpenoid LK-A has significant potential as an antitumor agent for HCC.

Results
=======

LK-A suppresses cell growth in HCC, and triggers cell cycle arrest at the G2/M phase
------------------------------------------------------------------------------------

We used the HCC cell lines BEL-7402, SMMC-7721, Huh7 and HepG2 to investigate the effects of LK-A on HCC. As shown in [Figure 1b](#fig1){ref-type="fig"}, LK-A substantially inhibited HCC cell growth in a time and dose-dependent manner. In contrast, LK-A displayed only moderate cytotoxicity toward the normal liver cell line LO2. We decided to use SMMC-7721 and HepG2 cells for further investigation as part of this study. In addition, colony formation assays demonstrated that SMMC-7721 and HepG2 cells treated with LK-A for 36 h formed both fewer and smaller colonies than did control liver cells ([Figure 1c](#fig1){ref-type="fig"}), indicating that LK-A inhibits growth of the two HCC cell lines. To further examine the mechanism by which LK-A may inhibit proliferation of SMMC-7721 and HepG2 cells, we studied the effects of LK-A on cell cycle arrest. SMMC-7721 and HepG2 cells were incubated with varying concentrations of LK-A for 36 h, stained with propidium iodide, and analyzed by flow cytometry. Indeed, LK-A treatment led to a dose-dependent induction of cell cycle arrest in the G2/M phase arrest ([Figure 1d](#fig1){ref-type="fig"}).

LK-A induces apoptosis of HCC cells
-----------------------------------

To further probe LK-A inhibition of cell proliferation and colony formation, we used Hoechst 33342 staining to assess LK-A-dependent changes in cell morphology. SMMC-7721 and HepG2 cells treated with LK-A for 36 h displayed dramatically changed morphologies ([Figure 2a](#fig2){ref-type="fig"}). Arrowheads indicate cells exhibiting chromatin condensation, indicating the induction of apoptosis ([Figure 2a](#fig2){ref-type="fig"}). To determine if LK-A has a pro-apoptotic effect on HCC cells, flow cytometry analysis via Annexin V/PI staining was performed. Flow cytometry analysis indicated that LK-A-treated HCC cells undergo apoptosis at significantly higher rates than control cells ([Figure 2b](#fig2){ref-type="fig"}). Furthermore, western blot analysis suggested a significant LK-A dose-dependent decrease in levels of pro-caspase-3, caspase-8, and an increase in cleaved Caspase-3, cleaved PARP ([Figure 2c](#fig2){ref-type="fig"}). Together, these results demonstrate that LK-A can induce apoptosis of HCC tumor cells.

Skp2 may have a major role in LK-A-induced SMMC-7721 G2/M phase arrest
----------------------------------------------------------------------

To obtain further insight into the mechanisms of LK-A in SMMC-7721 cell cycle arrest, messenger RNA (mRNA) expression profiles of LK-A treated cells for 36h were compared with those of none treated cells using a human cell cycle RT^[@bib2]^ profiler PCR array containing 84 cell cycle-related genes. The results showed a total of three upregulated (*CDKN1A*, *CDKN1B* and *GADD45A*) and five downregulated (*CCNB1*, *CDC2*, *CDK2*, *MKI67* and *Skp2*) genes, classified as such by a more than two-fold change in mRNA levels ([Figure 3a](#fig3){ref-type="fig"}, [Supplementary Table 1](#sup1){ref-type="supplementary-material"}). These targets were subsequently validated by a western blotting assay. Consistent with mRNA expression levels determined by real-time PCR, SMMC 7721 cells treated with LK-A displayed a decrease in Skp2 protein levels ([Figure 3b](#fig3){ref-type="fig"}). Skp2 is an E3 ubiquitin ligase, which may interact with several members of the Cdk complex and induce cell cycle progression by degradation of CDK inhibitors, such as p21 and p27. It has been previously shown that Skp2 downregulation leads to cell cycle arrest.^[@bib26],\ [@bib27],\ [@bib28]^ Here we further show by western analysis that Skp2 downregulation is accompanied by an increase in p21, p-cdc2 and Mty1 levels, and that p-Wee1 and CyclinB1 are decreased, but levels of p27 are nearly unchanged ([Figure 3b](#fig3){ref-type="fig"}).

To further explore the role of Skp2 in induction of cell cycle arrest, we constructed a pcDNA-SKP2 overexpression vector. Western blot analysis indicated that Skp2 overexpression leads to decreases in protein levels p21 and p-cdc2, but that the expression of CyclinB1 and cdc2 was elevated ([Figure 3c](#fig3){ref-type="fig"}). As shown in [Figure 3d](#fig3){ref-type="fig"}, Skp2 overexpression nearly reverses the cell cycle arrest induced by LK-A. These results confirmed that Skp2 may have a major role in LK-A-induced G2/M phase arrest.

The role of ROS generation in LK-A-induced cell apoptosis
---------------------------------------------------------

Cellular ROS generation can significantly impact the effects of various anticancer agents on tumor cell apoptosis.^[@bib18],\ [@bib29]^ We therefore used the fluorescent probe 20,70-dichlorofluorescindiacetate (DCFH/DA) to monitor intracellular ROS levels in the presence and absence of LK-A. We found that LK-A-treated cells had significantly higher levels of ROS than did control cells ([Figure 4a](#fig4){ref-type="fig"}). We next set out to determine if increased ROS production impacts LK-A-induced apoptosis. Cells were treated with the antioxidant N-acetylcysteine (NAC) at 1 h before adding LK-A and incubation for an additional 36 h. We found that pretreatment with NAC caused a significant decrease in the levels of LK-A-induced cell apoptosis ([Figure 4b](#fig4){ref-type="fig"}). Moreover, blocking ROS production by NAC resulted in an increase in pro-caspase-3, caspase-8 and a decrease in cleaved Caspase-3, cleaved PARP expression ([Figure 4c](#fig4){ref-type="fig"}). Together, these results suggest that ROS accumulation is necessary and mediates LK-A-induced apoptosis in SMMC-7721 cells.

LK-A-dependent ROS accumulation activates the JNK/c-Jun pathway
---------------------------------------------------------------

MAPK signaling cascades regulate not only cell growth, differentiation and development, but also apoptosis.^[@bib30],\ [@bib31]^ To examine the mechanism by which LK-A affects MAP kinase activation, the role of LK-A in the activation of extracellular signal-regulated kinase (ERK), JNK and p38 MAP kinase was investigated. As shown in [Figure 4d](#fig4){ref-type="fig"}, phosphorylation levels of both JNK and c-Jun gradually, and significantly, increased after LK-A treatment. However, there was no discernible change in phosphorylation levels of ERK and p38. As [Figures 4e and f](#fig4){ref-type="fig"} demonstrate, the JNK inhibitor SP600125 significantly restored cellular apoptosis in response to LK-A. As ROS production could determine the fate of cancer cells through regulating a number of cellular pathways,^[@bib32]^ we examined if ROS accumulation is involved in the activation of JNK/c-Jun pathway in our model system. Western blot analysis showed that pretreatment with NAC nearly reversed the phosphorylation of JNK and c-Jun ([Figure 4g](#fig4){ref-type="fig"}). These results illustrate that the apoptosis of SMMC-7721 cells induced by LK-A is mediated by the activation of the ROS/JNK/c-Jun pathway.

LK-A suppressed the tumor growth in mouse xenograft models
----------------------------------------------------------

To further evaluate the role of LK-A in tumor proliferation *in vivo*, 3 × 10^6^ SMMC-7721 cells were subcutaneously inoculated into nude mice. Mice were treated every 3 days with LK-A at 3 and 6 mg/kg intraperitoneally, 5-FU (positive control), or dimethylsulfoxide (DMSO) (negative control) for 4 weeks. LK-A significantly inhibited the growth of tumor xenografts ([Figure 5a](#fig5){ref-type="fig"}) with the tumor weight of LK-A (3 and 6 mg/kg)-treated mice significantly less than that of the negative control group ([Figure 5b](#fig5){ref-type="fig"}). The mean tumor volume for negative control mice increased from 12.81±3.11 to 868.21±258.48 mm^3^, whereas LK-A-treated mice at 3 and 6 mg/kg treatment increased from 13.78±2.59 to 326.1±182.65 mm^3^ and 13.12±3.26 to 101.17±82.28 mm^3^, respectively, while the 5-FU mice increased from 12.72±2.93 to 102.04±75.72 mm^3^ ([Figure 5c](#fig5){ref-type="fig"}). By contrast, there was no significant loss in body weight in the experimental animals ([Figure 5d](#fig5){ref-type="fig"}). The immunohistochemistry staining of excised tumor sections revealed a higher expression of cleaved Caspase-3, but the lower expression of Skp2 and Ki-67 in LK-A-treated tumors ([Figure 5e](#fig5){ref-type="fig"}) consistent with the *in vitro* results. To investigate any potential cytotoxic effects of LK-A on normal tissues, non-tumor-bearing mice were intraperitoneally treated with LK-A (6 mg/kg) and DMSO (negative control) every 3 days for 4 weeks and there was no significant loss in body weight (data not shown). Furthermore, H&E staining of the organs collected at the end of the study also suggested no major organ-related toxicities ([Figure 6](#fig6){ref-type="fig"}).

Discussion
==========

As current HCC therapies have limited effectiveness and exhibit intolerable toxicities in most cases, natural products and their derivatives are pursued as new and ideal sources for anti-HCC drugs discovery.^[@bib33],\ [@bib34],\ [@bib35]^ The unique carbon skeleton and multiple pharmacological properties of diterpenes have recently gained attention as new candidates against human cancers.^[@bib36],\ [@bib37]^ *I. ternifolius* is the major ingredient of a Chinese patent medicine 'FufangSanyexiangchacaiPian\', which is currently used to treat acute and chronic hepatitis and hepatitis B. LK-A ([Figure 1a](#fig1){ref-type="fig"}), an ent-kaurane diterpenoid obtained from *I. ternifolius*, has a similar structure to diterpenes, which anti-nasopharyngeal carcinoma has been reported recently.^[@bib38]^ However, in this study, we examined LK-A treatment in HCC models and revealed a significant suppression of tumor growth both *in vivo* and *in vitro*. Moreover, this compound triggered cell cycle arrest at G2/M phase and induced cell apoptosis. We also discovered that LK-A results in G2/M arrest via downregulation of Skp2 and inducing apoptosis through ROS/JNK/c-Jun apoptotic pathway in SMMC-7721 cells.

The decreased formation of cdc2/Cyclin B1 complex inhibits cell-cycle progression from the G2 phase to the M phase.^[@bib39]^ LK-A treatment in SMMC-7721 cells resulted in G2/M phase arrest in a dose-dependent manner, reduced cdc2, cyclinB1 protein levels and increased the expression of p-cdc2 and p-histone3. During G2 phase, the cdc2/Cyclin B1 complex is kept inactive via phosphorylation at Thr14 and Tyr15 of cdc2 by Myt1 and Wee1, respectively.^[@bib40],\ [@bib41],\ [@bib42]^ The Cip and Kip family of CDK inhibitors p21 also participates in the G2 checkpoint. P21 could inhibit CDK1 activity through binding to the CDK1/CyclinB1 complex and inducing G2 phase arrest.^[@bib43],\ [@bib44],\ [@bib45]^ In the present study, the expression of p-Wee1 decreased, but the protein levels of Mty1 and p21 were increased. Next, we focused on understanding how LK-A reduced the activation of cdc2/CyclinB1 complex. Skp2, an F-box component of E3 ubiquitin ligases, has an essential role in the regulation of cell cycle progress.^[@bib27],\ [@bib46],\ [@bib47]^ Moreover, many studies demonstrate that Skp2 can serve as a therapeutic target in various cancers by mediating the cytostatic and cytotoxic effects of different chemotherapeutic drugs.^[@bib48]^ In this study, we discovered that LK-A downregulation of Skp2 subsequently increased the expression of p21. Consistent with this data, the overexpression of Skp2 nearly blocked any LK-A-induced upregulation of p21 and p-cdc2 protein levels and decreased cdc-2 and CycilnB1 protein levels. Our data suggest that downregulation of Skp2 by LK-A is essential for LK-A-induced cell cycle arrest.

Apoptosis, a fundamental process essential for development and maintenance of tissue homeostasis, is also a major route to eradicate cancer cells.^[@bib49]^ Nowadays, an effective strategies for cancer prevention and treatment is targeting of the signaling intermediates in apoptosis.^[@bib50]^ In this work, we revealed that LK-A treatment induced a dose-dependent apoptosis in HCC cells. We also saw that LK-A treatment resulted in a significant decrease of pro-caspase-3, caspase-8 and increase of proteolytic cleavage of Caspase-3 and PARP.

Recently, studies have showed that excessive ROS production, induced by exogenous agents, will cause cellular apoptosis through the activation of signaling pathway, which results in selectively killing cancer cells.^[@bib51],\ [@bib52],\ [@bib53]^ LK-A induced a significant increase in ROS production in SMMC-7721 cells, while pretreatment with the ROS inhibitor NAC partially abrogates the LK-A-induced increase of apoptosis. Interestingly, NAC similarly abolished the LK-A effects on pro-Caspase3, cleaved Caspase-3, Caspase-8 and cleaved PARP. These results demonstrate that the induction of ROS is a critical upstream event for LK-A-induced SMMC-7721 apoptosis. Furthermore, we examined the levels of DNA damage-related proteins, such as phosphorylated ataxia telangiectasia mutated (p-ATM), phosphorylated ataxia telangiectasia and Rad3-related (p-ATR), CDC25A, CDC25C and Cyclin F, before and after LK-A treatment in SMMC-7721 cells. We found that after the treatment of LK-A, the levels of p-ATR and p-ATM were all substantially increased, and meanwhile, the levels of CDC25C decreased ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}). These data, taken together, suggest that LK-A treatment might activate DNA damage in HCC cells, and ultimately leads cancer cells to apoptosis. Clearly, further work is needed to clarify the mechanisms of LK-A to regulate DNA damage-induced HCC cell apoptosis in detail.

Various apoptotic stimuli can rapidly activate MAPKs, which include JNK, ERK and p38MAPK.^[@bib54],\ [@bib55],\ [@bib56],\ [@bib57]^ In SMMC-7721 cells, treatment with LK-A did not change p38 and ERK phosphorylation but the levels of phospho-JNK increased in a dose-dependent manner. Surprisingly, JNK activation is involved in the events of LK-A-mediated apoptosis, which was confirmed by the use of the JNK inhibitor SP600125. Until now, considerable evidences suggested that JNK is primarily activated by various environmental stresses including: UV radiation, osmotic shock, heat shock, oxidative stress, chemotherapeutic agents and protein synthesis inhibitors, among these, oxidative stress is particularly important.^[@bib58]^ So we investigated the activation of JNK with ROS elevation during LK-A treatment. Interestingly, our results showed that pretreatment with NAC in SMMC-7721 cells abolished the JNK/c-Jun activation by LK-A treatment. From these data, we concluded that LK-A induced apoptosis through ROS-dependent JNK/c-Jun apoptotic pathway.

In conclusion, this study presented an ent-kaurane diterpenoid LK-A from *I. ternifolius*, which inhibited the proliferation of HCC cells and SMMC-7721 xenograft tumor growth. *In vitro*, LK-A significantly induce cell cycle arrest at G2/M phase and apoptosis. Moreover, in SMMC-7721 cells, the agent arrests cell cycle at the G2/M phase through downregulation of Skp2, and induces apoptosis via the ROS-dependent JNK /c-Jun pathway. In the SMMC-7721 cells xenograft model, LK-A showed significant antitumor activity with low levels of toxicity. This compelling evidence suggests that LK-A is great candidate for the development of new chemotherapy agents for the treatment of human HCC.

Materials and Methods
=====================

Materials
---------

*I. ternifolius* (D. Don) Kudô leaves were collected in Jinxiu, Guangxi, China. Ten kilogram of dried and milled plant material was subject to extraction at room temperature four times with 100 l 70% aqueous Me~2~CO, for 3 days each time, and then filtered. The filtrate was then evaporated under reduced pressure and partitioned four times with 60 l of EtOAc. The substrate from the EtOAc partition (938.5 *g*) was applied to silica gel (200--300 mesh) and eluted with CHCl~3~--Me~2~CO (1 : 0--0 : 1), to give six fractions, A--F. Fraction B (618.5 *g*) was decolorized on an MCI gel and eluted with 90% MeOH--H~2~O to yield fractions B1--B4. Fractions B1 (116 *g*) and B2 (135 *g*) were further separated by repeated silica gel column chromatography to produce LK-A (20 *g*). The final LK-A concentrate was dissolved in DMSO to a concentration of 50 mM and stored at −20 °C. Working concentrations of 1.5, 3.0 and 4.5 *μ*M LK-A were prepared freshly before each experiment by dilution in media. All cell culture reagents were purchased from Gibco (Grand Island, NY, USA). PrestoBlue, DCFH/DA, the BCA protein assay kit, Lipofectamine 2000, the Annexin V-FITC apoptosis detection kit and the cell cycle detection kit were all purchased from Life Technologies (Grand Island, NY, USA). NAC was purchased from MP Biomedicals (Santa Ana, CA, USA). The JNK inhibitor (SP600125) was purchased from Sigma (St. Louis, MO, USA). Cyclin F antibody was purchased from Signalway Antibody LLC (College Park, MD, USA), and the other antibodies used in this study were purchased from Cell Signaling Technologies Inc. (Danvers, MA, USA).

Cell culture
------------

The HCC cell lines, HepG2 and Huh7, and the normal hepatic cell line LO2, were cultured in Dulbecco\'s modified Eagle\'s medium, supplemented with 10% fetal bovine serum (FBS) and incubated at 37 °C with 5% CO~2~, and 95% humidity. HCC cell lines SMMC-7721, and BEL-7402 were maintained in RPMI 1640 supplemented with 10% FBS.

Cell viability assay
--------------------

The effect of LK-A on cell viability was assessed by using the PrestoBlue indicator. A total of 3 × 10^3^ cells/well were seeded in 96-well plates overnight and then treated with varying concentrations of LK-A (0, 2, 4, 6, 8, 10 *μ*M). In order to minimize any effects of the solvent on cell viability, the final concentration of DMSO was kept to \<0.05% in all wells. Cells were either incubated for 24, 36 or 48 h at 37 °C in a humidified incubator, and then 10 *μ*l PrestoBlue reagent was added into each well and incubated for another 40 min. Absorbances were measured at 570 and 600 nm in each well by a microplate spectrophotometer (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA).

Colony formation assay
----------------------

SMMC-7721 and HepG2 cells were plated as 10^3^ cells/well in six-well plates and maintained with or without LK-A for 1 week. After growth, colonies were fixed with methanol for 30 min and stained with 0.1% crystal violet for visualization and counting.

Detection of the cell cycle stage
---------------------------------

To determine the distribution of cell cycle stages, control and treated cells were collected into polypropylene tubes and pelleted at 2000 rpm for 5 min. Cells were then washed with phosphate-buffered saline (PBS) and fixed with chilled 70% ethanol for 48 h at 4 °C. Fixed cells were washed with PBS and incubated with RNase A (50 μg/ml) for 30 min followed by incubation with propidium iodide (50 μg/ml) for 30 min at room temperature. Cell cycle analysis was performed on a Coulter Epics XL flow cytometry system (Beckman Coulter, Miami, FL, USA). In total, 15 000 events were recorded in each analysis. The percentage of cells either at G0/G1, S or G2/M stages was calculated using MultiCycle AV for Windows Version 295 (Beckman Coulter).

Hoechst 33342 staining for morphological evaluation
---------------------------------------------------

Approximately 5 × 10^4^cells/well were plated in six-well plates, and the cells were then incubated with (0, 1.5, 3.0 or 4.5 *μ*M) LK-A for 36 h. After incubation, cells were washed with PBS, fixed in 4% paraformaldehyde for 30 min and then stained with 20 *μ*g/ml Hoechst 33342 for 15 min at room temperature in the dark. Cells were then assessed by fluorescence microscopy for morphological changes after LK-A treatment.

Apoptosis detection by flow cytometry
-------------------------------------

The percentage of apoptotic cells was determined by using an Annexin V-FITC apoptosis detection kit, as per the manufacturer\'s protocol. After LK-A or mock treatment, cells were harvested, washed in cold PBS and then pelleted. Cells were stained in the dark for 15 min at room temperature, and analyzed by flow cytometry within 1 h of ending the staining procedure. Data were analyzed by CXP Analysis Software Version 2.0 (Beckman Coulter).

Real-time PCR gene array
------------------------

RNA was extracted from LK-A treatment and none treatment SMMC-7721 cells using Trizol (Invitrogen, Carlsbad, CA, USA) and we cleaned them using the RNeasy MinElute cleanup kit (Qiagen, Valencia, CA, USA). Subsequently, total RNA was reverse transcribed using SuperScript III reverse transcriptase (Invitrogen) and cDNA was amplified by PCR using 2 × Super Array PCR master mix (SABiosciences, Frederick, MD, USA). Real-time PCR was then performed on each sample using the Human Cell Cycle RT^[@bib2]^ Profiler PCR array (PAHS-020A; SABiosciences) on an ABI 7900HT real-time PCR system (Applied Biosystems, Grand Island, NY, USA) according to the manufacturer\'s instructions. Data were normalized for GAPDH levels by the ΔΔCt method.

Measurement of ROS production
-----------------------------

Intracellular ROS production was detected by using the peroxide-sensitive fluorescent probe DCFH-DA. In brief, cells were first incubated with DCFH-DA (10 *μ*mol/l) at 37 °C for 30 min and then treated with LK-A for 3 h. Cells were then washed twice and resuspended in PBS to measure ROS accumulation by flow cytometry.

Construction of the Skp2 overexpression vector
----------------------------------------------

To generate the pcDNA-Skp2 overexpression vector, a fragment of Skp2 was PCR amplified from the cDNA of SMMC-7721 cells, using the following primers: forward 5′-CTAGCTAGCGCCACCATGCACAGGAAGCACCTCCAG-3′, reverse 5′-CCGGAATTCTCAGACGTTACTTTCACCGTGCC-3′.

Transfection of SMMC-7721 cells with pcDNA-Skp2
-----------------------------------------------

Cells were transfected using Lipofectamine 2000, as per the manufacturer\'s protocol. Twenty-four hours post transfection, cells were treated with LK-A and cultured for an additional 36 h, prior to collection for western blot and flow cytometric analyses.

Western blotting assay
----------------------

Cells were harvested from plates by gentle scraping lysed, and stored at −80 °C. Protein concentrations were measured by the BCA Protein Assay. Fifty milligram of protein from each sample was subject to SDS-PAGE, transferred electrophoretically to 0.45 *μ*m polyvinylidene fluoride (PVDF) membrane and subsequently incubated in blocking buffer (5% nonfat dry milk) for 1 h at room temperature. PVDF membranes were incubated with appropriate primary antibody overnight at 4 °C, washed and incubated with secondary antibody for 2 h at room temperature. Specific antibody binding was detected by chemiluminescence detection.

*Vivo* tumor xenograft study
----------------------------

Six-week-old male BALB/c nude mice were purchased from the Experimental Animal Center at Sun Yat-sen University. A total of 3 × 10^6^ SMMC-7721 cells were subcutaneously inoculated into the right flank of nude mice, to initiate tumor growth. When the tumor sizes reached ∼3 × 3 mm, mice were randomly divided into four groups of six animals and treated intraperitoneally with LK-A (3 mg/kg and 6 mg/kg), 5-Fu (10mg/kg) or DMSO (negative control) dissolved in NaCl every 3 days for 4 weeks. Body weights and tumor volumes were measured every 3 days for 4 weeks. At the end of the study, animals were sacrificed and tumors were removed and weighed for use in immunohistochemistry experiments. The following formula was used to determine tumor volumes: tumor volume =*L* × *W*^2^/2, where *L* is the length and *W* the width. All animal handling and procedures were approved by the Ethical Committee of the Sun Yat-Sen University.

Tumor histology and immunohistochemistry
----------------------------------------

Isolated tumors and organ tissues were fixed in formalin and embedded in paraffin. Five micrometer sections were cut and stained with H&E. For immunohistochemical staining, sections were deparaffinized in xylene and hydrated through with graded alcohol, and endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 10 min. Antigen retrieval was completed by cooking tissue sections for 3 min with citrate buffer (pH 6.0) for cleaved Caspase-3 and Skp2, and in EDTA buffer (pH 8.0) for Ki-67. Slides were incubated with 10% normal goat serum for 10 min at room temperature to block nonspecific binding, followed by incubation overnight with rabbit monoclonal antibody, anti-cleaved Caspase-3, Skp2 and mouse monoclonal antibody anti-Ki-67 at 4 °C in a moist chamber. Slides were washed twice with PBS and sequentially incubated with a secondary antibody for 30 min at room temperature, before staining with DAB (3, 3-diaminobenzidine). Finally, slides were counterstained with hematoxylin, dehydrated and mounted.

Statistical analysis
--------------------

All data were expressed as mean±standard deviation (S.D.) and statistically compared by one-way analysis of variance with Dunnett\'s test or unpaired Student\'s *t*-test in different experiments. A *P*-value of \<0.05 was considered to be statistically significant.
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![LK-A inhibits cells proliferation and induces G2/M arrest in SMMC-7721 and HepG2 cells. (**a**) Chemical structure of LK-A. (**b**) HCC cells proliferation was assessed by PrestoBlue. Cells were treated with 0, 2, 4, 6, 8 and 10 *μ*M of LK-A for 24, 36 and 48 h. At 36 h, IC~50~ value for each cell lines determined from PrestoBlue results are as follows: SMMC-7721=2.75 *μ*M, HepG2=5.13 *μ*M, BEL-7402=6.83 *μ*M, Huh7=7.12 *μ*M and LO2=9.69 *μ*M. (**c**) SMMC-7721 and HepG2 cells colonied formation with or without LK-A treatment. (**d**) LK-A caused a G2/M arrest. Cells were treated with DMSO and varying concentrations of LK-A (0, 1.5, 3.0, 4.5 *μ*M) for 36 h. The cell cycle distributions were analyzed by flow cytometry. Histograms display the percentage of cell cycle distribution. Cell Number, peak value of phase; Columns, means; bars, S.D. (*n*=3). \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001, significantly different compared with control by *t*-test](cddis201466f1){#fig1}

![Evidence that LK-A induced apoptosis. (**a**) Cell morphological alterations and nuclear changes associated with SMMC-7721 and HepG2 cells after LK-A treatment were assessed by staining with Hoechst 33342 and visualized by fluorescence microscopy. (**b**) FACS analysis via Annexin V/PI staining was used to identify apoptosis induced by LK-A. The percentage of cell cycle distribution was shown as the mean±S.D. from three independent experiments. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001. (**c**) Cells were treated with or without various concentrations of LK-A for 36 h. Caspase-3, -8, and PARP levels were determined by western blot](cddis201466f2){#fig2}

![LK-A induces SMMC-7721 G2/M phase arrest though downing regulation of Skp2. (**a**) The fold change in cell cycle-related genes after LK-A treated for 36 h. (**b**) SMMC-7721 cells were treated with or without LK-A for 36 h. The expression of cell cycle-related proteins were measured by western blot. (**c**) SMMC-7721 cells were transfected with pcDNA-SKP2 and pcDNA3.1 (+), respectively. After treatment with 3 *μ*M LK-A for 36 h, protein lysates were prepared and analyzed by western blot. (**d**) After transfection and treatment with 3 *μ*M LK-A 36 h, the cell cycle distribution of SMMC-7721 cells were determined by flow cytometry. Cell Number, peak value of phase. The percentage of cell cycle distribution was shown as the mean±S.D. from three independent experiments. \*\**P*\<0.01; ns, not significant](cddis201466f3){#fig3}

![The accumulation of ROS production induced by LK-A is required for cell apoptosis and necessary for activating JNK/c-Jun pathway. (**a**) Effect of LK-A on ROS generation. SMMC-7721 cells were loaded with DCFH/DA for 30 min and then treatment with LK-A for 3 h. The mean DCF fluorescence was measured by flow cytometry. (**b**) Cells were pre-incubated for 1 h in the presence or absence of NAC (10 mM), and then LK-A (3 *μ*M) and incubated for 36 h. Induction of apoptosis was determined by flow cytometry. The data shown represent means±S.D. of three independent experiments. \*\*\**P*\<0.001 versus NAC-treated control group. (**c**) Effects of NAC on the expression of Caspase-3, -8 and PARP. Protein lysates were prepared from SMMC-7721 cells after treatment with 3 *μ*M LK-A for 36 h in the presence or absence of NAC and analyzed by western blot. (**d**) Effects of LK-A on ERK, JNK and p38 MAP kinase activation in SMMC-7721 cells. SMMC-7721 cells were treated with various concentrations (0, 1.5, 3.0, 4.5 *μ*M) of LK-A for 36 h and analyzed by western blot. (**e**) Cells were pre-incubated for 1 h in the presence or absence of SP600125 (5 *μ*M), and 3 *μ*M LK-A was added for an additional 36 h. The percentage of cell apoptosis was shown as the mean±S.D. from three independent experiments. \*\*\**P*\<0.001 compared with SP-treated control group, SP, SP600125. (**f**) Cells were pre-incubated for 1 h in the presence or absence of SP600125 (5 *μ*M), and then treated with 3 *μ*M LK-A for 36 h, followed by western blot analysis of apoptosis-related proteins. (**g**) Cells were pre-incubated for 1 h in the presence or absence of NAC (10 mM), and then treated with 3 *μ*M LK-A for 36 h, followed by western blot analysis of JNK/p-JNK and c-Jun expression](cddis201466f4){#fig4}

![LK-A inhibits liver cancer tumor xenograft growth *in vivo*. (**a**) SMMC-7721 cells were subcutaneously inoculated into the right flank of nude mice. The mice were randomly divided into four groups (*n*=6) and treated intraperitoneally with LK-A (3 mg/kg or 6 mg/kg), 5-Fu (10 mg/kg) and DMSO (dissolved in sodium chloride, control) every 3 days for 4 weeks. The resulting tumors were excised from the animals after treatment. (**b**) LK-A treatment resulted in significantly lower tumor weight compared with controls. \*\**P*\<0.01, \*\*\**P*\<0.001. (**c** and **d**) Tumor volumes and body weights were measured every 3 days for 4 weeks. (**e**) The cleaved Caspase-3, Skp2 and Ki-67 expression in tumor xenograft tissues was examined using immunohistochemistry](cddis201466f5){#fig5}

![No obviously organ-related toxicity was found. Non-tumor-bearing mice were intraperitoneally treated with LK-A (6 mg/kg) or DMSO (dissolved in sodium chloride, control) every 3 days for 4 weeks. After the experiment, animals were sacrificed and the organs were fixed in formalin overnight and processed for paraffin embedding. The paraffin-embedded blocks were sectioned and stained by hematoxylin and eosin](cddis201466f6){#fig6}
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